-binding site found in the MoSto funct structure. Several findings indicate that POM cluster storage is separated into a rapid ATP hydrolysis-dependent molybdate transport across the protein cage wall and a slow molybdate assembly induced by combined auto-catalytic and protein-driven processes. The cage interior, the location of the POM cluster depot, is locked in all three states and thus not rapidly accessible for molybdate from the outside. Based on V max , the entire Mo storage process should be completed in less than 10 s but requires, according to the molybdate content analysis, ca. 15 min. Long-time incubation of MoSto basal with nonphysiological high molybdate amounts implicates an equilibrium in and outside the cage and POM cluster self-formation without ATP hydrolysis.
A continuous FeMo cofactor supply for nitrogenase maturation is ensured in Azotobacter vinelandii by developing a cage-like molybdenum storage protein (MoSto) capable to store ca. 120 molybdate molecules (MoO 2À 4 ) as discrete polyoxometalate (POM) clusters. To gain mechanistic insight into this process, MoSto was characterized by Mo and ATP/ADP content, structural, and kinetic analysis. We defined three functionally relevant states specified by the presence of both ATP/ADP and POM clusters (MoSto funct ), of only ATP/ADP (MoSto basal ) and of neither ATP/ADP nor POM clusters (MoSto zero ), respectively. POM clusters are only produced when ATP is hydrolyzed to ADP and phosphate. V max was ca. 13 lmol phosphate Ámin À1 Ámg À1 and K m for molybdate and ATP/Mg 2+ in the low micromolar range. ATP hydrolysis presumably proceeds at subunit a, inferred from a highly occupied a-ATP/Mg 2+ and a weaker occupied b-ATP/no Mg 2+ -binding site found in the MoSto funct structure. Several findings indicate that POM cluster storage is separated into a rapid ATP hydrolysis-dependent molybdate transport across the protein cage wall and a slow molybdate assembly induced by combined auto-catalytic and protein-driven processes. The cage interior, the location of the POM cluster depot, is locked in all three states and thus not rapidly accessible for molybdate from the outside. Based on V max , the entire Mo storage process should be completed in less than 10 s but requires, according to the molybdate content analysis, ca. 15 min. Long-time incubation of MoSto basal with nonphysiological high molybdate amounts implicates an equilibrium in and outside the cage and POM cluster self-formation without ATP hydrolysis.
Introduction
Molybdenum (Mo) is widely used for enzymatic catalyses in biology. To date more than 50 molybdoenzymes have been described; many of them are involved in key reaction steps of the biogeochemical N, S, and C cycles. Mo primarily acts as a central atom in molybdopterin cofactors but also as a component of Abbreviations AAK family, amino acid kinase family; MoSto, molybdenum storage protein; POM cluster, polyoxometalate cluster.
multinuclear CuMo and FeMo cofactors in CO dehydrogenases and nitrogenases, respectively [1] [2] [3] .
Mo is irregularly distributed on earth and its current bioavailability is a crucial determinant for the Mo metabolism. The easily soluble MoO 2À 4 is abundant in the seawater but occurs only in small quantities (low ppm range) in the earth's crust [4, 5] . In soils, molybdenum compounds are either leached or form almost insoluble complexes with natural organic matter, e.g., with catechol groups [6, 7] . In order to extract the trace metal in sufficient amounts, most organisms have developed efficient uptake systems [8] . In case of the ubiquitous aerobic diazotrophic bacterium Azotobacter vinelandii Mo is captured by molybdo-siderophores from negatively charged Mo-containing compounds in the soil [6, 8, 9] . From there, molybdate is released and channeled by porin-like proteins across the outer membrane. In the periplasm molybdate is taken up by ModA and transported via the molybdate-specific ABC transporter ModBC into the cytoplasm. Intracellular molybdate homeostasis is controlled either by the regulator ModE that inhibits transcription of the ABC transporter or by ModG, which can reversibly bind up eight molybdates [10] [11] [12] . Recently, a Mo cofactor dependent RNA riboswitch that regulates the expression of proteins synthesizing the molybdopterin cofactor was identified [13, 14] .
In addition, various organisms including A. vinelandii evolved a unique protein, the molybdenum storage protein (MoSto) [15, 16] to ensure the functionality of FeMo nitrogenase under Mo limiting conditions [17, 18] . MoSto is organized as heterohexameric (aß) 3 protein complex characterized by a cage-like architecture [19] [20] [21] (Fig. 1A) .
The cage is loaded up with ca. 120 Mo or W atoms assembled into discrete polyoxometalate (POM) clusters of different sizes. These POM clusters are linked to the polypeptide by covalent bonds (between Mo(VI) and nucleophilic side chain atoms), by extensive networks of hydrogen bonds and/or by multiple van der Waals contacts encapsulating them [20, 21] . POM clusters, characterized by an enormous variety and application potential [22] [23] [24] [25] , have the property to be often susceptible to degradation in bulk solvent which rapidly increases with increasing pH [26] . Release of molybdate from MoSto has been described as a pH-dependent triphasic process which does not require ATP [27] . The capability of storing Mo in multiple discrete POM clusters discerns MoSto from the iron storage systems like ferritines or frataxines that finally lock up thousands of irons as Fe III oxygen species in a giant deposit [28, 29] .
Architecturally, MoSto is a member of the ATPdependent amino acid kinase (AAK) family [30] . The highest relationship was found between MoSto and bacterial/archaeal UMP kinases which catalyze a phosphoryl transfer from ATP to UMP in the pyrimidine biosynthesis pathway. Homohexameric UMP kinase adopts the same trimer of dimers architecture as MoSto and bacterial members contain binding pockets for the inhibitor UMP/UTP and the allosteric regulator GTP [31, 32] . Like other AAK kinase family members MoSto binds ATP (Fig. 1B/C) and conducts an ATP-dependent process [27] . However, the role of ATP in the mechanism of Mo storage remained unexplored and is addressed in this report.
Results

Functional states of MoSto
We characterized three biologically relevant states of MoSto that differ in the absence/presence of bound nucleotides ATP/ADP and POM clusters.
The MoSto funct state: MoSto loaded with POM clusters is referred to as the MoSto funct state, because of its capability to release, in principle, monomolybdate from the cage for functional use. The MoSto funct state can be obtained from native or recombinant sources after purification in 50 mM MOPS, pH 6.5, and 50 mM NaCl without extra addition of ATP/Mg 2+ and molybdate. The molybdate content of freshly prepared MoSto funct , as determined by the dithiooxamide method [33] , ranges between 30 and 60 molecules, which are predominantly assembled as POM clusters in the MoSto cage (Fig. 1A) according to structural data (MoSto-F6, Table 1 ). The number and the type of POM clusters depend on the preparation procedure described elsewhere [20, 21] . The ATP, ADP, AMP, and adenosine composition of the MoSto funct state was investigated in solution by HPLC (Fig. 2) . Independent of the adjusted pH, ca. two ATP and one ADP were found to be attached to the protein ( Fig. 2A) . The corresponding X-ray structure of MoSto revealed highly occupied ATP-binding sites in subunits a and weaker occupied ATP-binding sites in subunits b (MoSto-F6, Table 1 ). The discrepancy between the HPLC and structural results might be due to the selective crystallization of one specific population and the threefold crystallographic averaging of the nucleotides in the (ab) 3 heterohexamer. The molybdate/nucleotide amount of the initial MoSto funct state is increased by addition of ATP/Mg 2+ and molybdate resulting in an ATP and ADP content of two and four, respectively, and up to 120 MoO x units ( Figs 2B, 3A) . A higher occupancy of ATP in the binding sites of subunits b was also found in the X-ray structure (MoSto-F7, biotinylated phosphatase was subsequently removed by affinity chromatography. According to HPLC analysis, one MoSto hexamer in the MoSto zero state contains about one adenosine (Fig. 2E) . A structure of MoSto zero largely confirmed the absence of nucleotides (MoSto zero , Table 1 ).
Structural features of the ATP-binding sites
The MoSto (ab) 3 heterohexamer has a cage-like architecture with potential ATP-binding sites localized (Fig. 1A ) in a groove formed at the C-terminal end of the central eight-stranded ß-sheet at the outer surface of the subunits a and b [19] . Binding sites for several discrete POM clusters are positioned at the inner surface of the cage which is completely locked from outside in the MoSto zero , MoSto basal , and MoSto funct states. Despite their highly related overall architecture with rms deviations of up 0.5 A for subunit a and 1.0 A for subunit b, notable differences between the three states are only detectable at the ATP-binding sites and at segment b127-b142 as a response of the POM clusters content.
The ATP/Mg 2+ -binding mode in subunit a is similar in MoSto funct and MoSto basal (Fig. 1B) . While a-ATP has always bound with a high occupancy in both states, Mg 2+ is occasionally visible with a lower occupancy in the electron density. In comparison, the empty a-ATP-binding site in MoSto zero is characterized by an increased temperature factor and the reorientation of a few side chains, i.e., Arga85, Glua190, and Aspa199 toward the center of the groove. The ATP-binding sites in the b-subunit (b-ATP) are only occupied in MoSto funct . Minor conformational changes between b-ATP-free and -bound MoSto structures are only detectable for the two expanded loop segments b190-b209 and b219-b228, in particular, around Hisb222 which flank the adenine-binding site. Notably, the b-ATP-binding site in MoSto funct and MoSto basal contains extra electron density beyond the c-phosphate of ATP which could not be clarified yet. Some residual electron density in the b-ATP- binding site of MoSto zero was interpreted as sulfate due to its high amount in the crystallization buffer ( Table 1 ).
The binding mode of a-and b-ATP in MoSto funct shows several significant differences (MoSto-F7, Table 1 ): (a) The total number of polypeptide-ATP interactions, their strength (based on the distances between binding partners), and the number of firmly bound water molecules are significantly increased in the a-ATP compared to the b-ATP-binding site (Fig. 1B, C) . (b) a-ATP is shielded from the solventaccessible side by the two short N-terminal helices b5:b14 and b20:b28 of subunit b connected by an expanded loop. They indirectly contact a-ATP via Arga85 and solvent molecules both hydrogen-bonded to the a-phosphate (Fig. 1B) . In contrast, the Nterminal arm of subunit a (1-32) is disordered in the X-ray structures and the b-ATP-binding site is thus less shielded. (c) Despite the related profile of the adenosine-binding cleft formed by two extended loops (a191-a211 and a216-a229), the adenosine ring is more encapsulated in subunit a than in subunit b (Fig. 1B, C) . (d) The triphosphates of a-ATP and b-ATP are housed in an architecturally related, hydrophilic pocket primarily formed by five loops. Two of them which contact the c-phosphate contain a glycine-rich motif (Fig. 1B, C) . In contrast, the triphosphate conformation differs between a-and b-ATP as ribose and a-phosphate is rotated around the ester bond and, consequently, the polypeptidephosphate interactions become changed. The negative charges at the phosphates of a-ATP are compensated by Lysa45, Arga49, Arga85, and Mg 2+ and of b-ATP by Lysb42 and Lysb189. (e) The putative Mg 2+ in the a-ATP-binding site is hexagonally coordinated by oxygens of the a-and ß-phosphates, of two water molecules, as well as of Glua190 and Proa227 (Fig. 1B) . In subunit b, Lysb189 at the position of Glua150 partly interferes with the Mg 2+ -binding site. To substantiate the exclusive binding of Mg 2+ to a-ATP, MoSto basal was supplemented with ATP/Mn 2+ and molybdate. Its X-ray structure was determined at the Mn absorption edge (MoSto-F1 vitro , Table 1 ) resulting in one strong peak in the anomalous difference electron density map at the Mg 2+ -binding site adjacent to a-ATP.
ATP hydrolysis-dependent POM cluster formation
The structural data revealed one strongly and one weakly bound ATP in subunits a and b. ATP is essential for MoSto storage, as already formerly recognized, however, in a rather qualitative manner [16, 27] . Now, both the ability to catalyze the hydrolysis of ATP and to store Mo in the protein were systematically investigated. A MoSto basal sample (200 lgÁmL À1 ) in 50 mM MOPS, pH 6.5, and 50 mM NaCl was incubated with 1 mM ATP/Mg 2+ and The protein was denatured and removed by centrifugation and the supernatant subjected to HPLC analysis using a RP18 column. N (independent measurements) is 5 for (A), (C), and (D) and n is 3 for (B) and (E). Error bars represent SD (standard deviations). prepared from A. vinelandii was incubated for 30 min at 30°C with 2 mM Na 2 MoO 4 , 1 mM MgCl 2 , and either (A) 1 mM ATP or (B) 1 mM ATPcS or 1 mM AMPPNP. For reference, a control run with 2 mM Na 2 MoO 4 (black bars) is included in (A). Molybdate (blue bars) bound to MoSto (dashed line) was separated from free molybdate (gray bars) in solution by a PDMidiTrap-column (Sephadex G25). Then, the protein content of all fractions was measured. Finally, MoSto was denatured at 95°C prior to molybdate analysis. (C) Amount of molybdate stored as POM clusters dependent on the molybdate concentrations. The MoSto basal sample was supplemented with 1 mM ATP and 1 mM MgCl 2 and incubated for 1 h at pH 7.6 and 30°C (n = 4 for 0 lM molybdate, n = 3 for 0.5 lM molybdate, n = 2 for ≥1 lM molybdate). (D) pH dependence of the ATPase activity of MoSto. We assume that protein denaturation starts at pH < 4 and pH > 9 (n = 3 for pH 5.0-8.5, n = 1 for pH 3.5-4.5 and pH > 9.0). (E) POM cluster storage at pH 6.5 and 7.5 and different ATP concentrations. 200 lgÁmL À1 MoSto, 1 mM molybdate, 1 mM MgCl 2 , and varying ATP concentrations were incubated for 30 min at 30°C (n = 1).
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The FEBS Journal 285 (2018) 4602-4616 ª 2018 Federation of European Biochemical Societies 1.0 mM molybdate for 30 min at 30°C. Subsequent analysis reveals an increase of the Mo content from ca. 0 to 120 molybdates (Fig. 3A) essentially stored as POM clusters according to the structural data (Fig. 1A) . The number of molybdates is not further increased when adding 100 mM molybdate (Fig. 3C) . In parallel, the continuous formation of ADP and phosphate was detected by HPLC and a colorimetric malachite green assay (e.g., Fig. 4A (Fig. 2C) . Obviously, at least three ATP per (ab) 3 hexamer are required for Mo storage.
To separate the effect of ATP binding and ATP hydrolysis for Mo storage, the enzyme in the MoSto basal state was also mixed with Mg 2+ and molybdate and incubated for 60 min with AMPPNP and ATPcS. The absence of molybdate in the cage provides evidence for the necessity of ATP hydrolysis for POM cluster storage (Fig. 3B) .
The ATP hydrolysis-dependent Mo storage was explored at pH 6.5 where the POM clusters are rather stable. As the POM cluster stability of MoSto decreases with increasing pH values [27] , the experiment was repeated at pH 7.6. However, the rate of ATP hydrolysis (Fig. 3D) , the nucleotide composition and the number of POM clusters (stored at pH 6.5 and 7.6) are only moderately dependent on the pH value (Fig. 3E) .
Kinetics of the ATP hydrolysis-dependent reaction
To quantitatively analyze the molybdate dependence of the reaction rate, a MoSto basal sample with different molybdate concentrations was incubated for 12 min; the reaction was started with 10 lM ATP and subsequently stopped with the malachite green solution used for phosphate determination. The rate curve could be interpreted with the Michaelis-Menten equation (Fig. 4A) (Fig. 4B) 2+ binding suggests a similar value for ATP which is probably attributed to a-ATP, because b-ATP appears not to bind at low micromolar concentrations. The curve points toward positive cooperativity (Hill-coefficient n = 1.9), but its slightly sigmoidal shape is dominantly dependent on the first data point. After its omission, the curve fit obeys the Michaelis-Menten equation with V max of 13.5 AE 0.6 lmolÁmin À1 Á mg, K m of 1.7 AE 0.2 lM, and n of 1.3. The kinetic characterization of MoSto zero , which was performed under the same conditions as for MoSto basal resulted in an almost identical V max of 12.5 lmolÁmin À1 Á mg enzyme (Fig. 4D) . The apparent K m value is in the low micromolar range (1.2 lmol) as that of MoSto basal . Molybdate storage also seems to proceed cooperatively (n = 2.5) but predominantly depends again on the first data point at 0 lM molybdate. Without the first point, the curve is interpretable with the Michaelis-Menten equation with V max of 12.7 + 0.5 lmolÁmin À1 Á mg, K m of 0.75 + 0.03 lM, and n of 1.3.
Time-dependent molybdate uptake and release after ATP consumption
For monitoring time-dependent molybdate storage (Fig. 5A) , the Mo content of a MoSto basal sample supplemented with ATP/Mg 2+ and molybdate was determined at different time points. The maximum occupation with POM clusters is reached after ca. 15 min. Surprisingly, ATP hydrolysis does not stop after complete POM cluster formation and continues until ATP is totally consumed.
The molybdate content of MoSto after ATP consumption was measured in the following 11-h experiment (Fig. 5B) . A MoSto funct sample in 50 mM MOPS, pH 7.6 was incubated at pH 7.6 and supplemented with MgCl 2 , molybdate, and a low amount of ATP. The nucleotide composition of ca. 0.5 ATP, 4.5 ADP, and 0.5 adenosine per (ab) 3 hexamer after ATP addition has been found in the expected range. After 1 h, ATP is completely hydrolyzed. Subsequently, the molybdate content decreases to 50% after 3 h and below 10% after 11 h. Approximately 1.0 ATP and 1.5-2 ADP remain bound per MoSto molecule as befit for the Mosto basal state.
Interestingly, the addition of 10 mM NH 4 H 2 PO 4 after 6 h prevents further release of molybdate (Fig. 5C ). This finding correlates with the former observation that the addition of large amounts of ATP, subsequently hydrolyzed to phosphate, only causes a limited release of molybdate [27] . It is worth to mention that the addition of phosphate to a Mosto funct sample reduces the enzymatic activity (Fig. 5C ) and prevents the release of ADP from their binding sites (Fig. 5D) . It is currently unclear whether phosphate directly serves as inhibitor for ATP hydrolysis or acts indirectly by stabilizing the POM clusters or by occluding the cage wall.
ATP-independent molybdate uptake
To find out whether POM cluster storage is also possible without ATP hydrolysis, a MoSto basal sample was incubated with different amounts of molybdate and afterward free molybdate removed by a PD-10 desalting column (Fig. 6) . Subsequent molybdate content analysis of the eluted protein showed an increased uptake from ca. 8 to 50 molybdates per MoSto hexamer between 0.01 and 1.0 M Na 2 MoO 4 , respectively. Although the used molybdate concentrations are not physiologically relevant, the uptake of 50 molybdates suggests POM cluster formation without ATP hydrolysis. A related amount of molybdate was detected when the experiment was performed at pH 7.6. ) in 50 mM MOPS, pH 6.5 was thawed (t0 h) and the pH increased to 7.6. The reaction was started after 0.5 h with 0.1 mM ATP and 1 mM MgCl 2 . After ATP was completely consumed the molybdates are slowly released by the protein. After 6 h, the sample was split in two aliquots: one was kept and the other was treated with 10 mM NH 4 H 2 PO 4 (n = 1). (C) Inhibition of ATP hydrolysis by phosphate (n = 3); preparation conditions for Mosto basal as described in 
Discussion
The MoSto states Three distinct MoSto states of biological relevance are characterized in this work. The MoSto zero state is devoid of nucleotides and POM clusters and represents the situation after the folding and assembly process to the (ab) 3 hexamer in the cell. In this state, MoSto is rather flexible and unstable but can be, in vitro, considerably stabilized with phosphate. In vivo, the MoSto zero state is presumably stabilized by binding of ATP or/and ADP. The resulting MoSto basal state reflects the situation in the cell devoid of molybdate, i.e., in the case of Mo deficiency in the microbial habitat [17] . If ATP/Mg 2+ and molybdate become available Mo storage can be immediately initiated from both states. In the thereby generated MoSto funct state, the protein is loaded with molybdate predominantly attached as discrete POM clusters to pockets inside the cage (Fig. 1A) . Now, MoSto is capable to provide molybdate under specific cellular conditions for metabolic processes demanding Mo as, for example, for the production of an active FeMo cofactor containing nitrogenase in A. vinelandii [8, 15] . The stability of the POM clusters significantly depends on their structure which can be exploited for a stepwise degradation to monomolybdate and their release from the cage [27] .
The role of ATP in the a-and b-subunits
Mo storage in MoSto requires the hydrolysis of ATP to ADP and phosphate. Structural and HPLC data suggest high affinity a-ATP and low affinity b-ATPbinding sites, respectively (Figs 1 + 2) . ATP hydrolysis presumably proceeds at the a-subunits due to their ability to bind the catalytically essential Mg 2+ . In addition, the low K m value for ATP/Mg 2+ (< 5 lM) (Fig. 4C) argues for an exclusive hydrolysis of a-ATP but does not finally disprove b-ATP hydrolysis. Although ATP/ADP-binding at the b-subunit is clearly documented by structural and HPLC data (Figs 1 + 2) , the function of b-ATP remains open. Although it cannot be excluded that ATP in the b-ATP-binding site is not directly relevant for the Mo storage process, the four ADPs and two ATP bound to the (ab) 3 hexamer during turnover suggest a b-ATP hydrolysis triggered by a-ATP hydrolysis (Fig. 2) . Different ATP/ADP ratios in the six putative active sites for hydrolysis found in the (ab) 3 MoSto hexamer under different conditions are also reported for other hexameric proteins as UMP kinase [34, 35] and also for architecturally different ring-shaped ATPases [36, 37] . As experimentially demonstrated for the related homohexameric E. coli UMP kinases upon binding of the allosteric effector GTP, a rearrangement of the quaternary structure might also occur in MoSto after molybdate-based ATP/ADP binding/hydrolysis [32] . In contrast to other enzymes of the AAK family MoSto contains no binding site for a second substrate adjacent to c-phosphate of a-ATP. Interestingly, Phe152 and Ala170 contact the c-phosphate and thereby occupy the place trans to O bc (oxygen between b-and c-phosphate) such that H 2 O cannot be properly positioned for a nucleophilic attack onto the c-phosphorus (Fig. 1B) . On the other hand, the c-phosphate is surrounded by at least five solvent molecules allowing space for a conformational change of the triphosphate into a position suitable for H 2 O hydrolysis.
Mechanism of Mo storage
The cage-like architecture of MoSto suggests that the Mo storage process is subdivided into the transport of molybdate across the cage wall and its assembly into POM clusters inside the solvent-filled cage interior (Fig. 7) . Several structural and biochemical data indicate that ATP hydrolysis is required for the first but not for the second process. (a) ATP and POM clusters are bound to the outer and inner surface of the cage wall, respectively (Fig. 1A) . The shortest distance between a-ATP/b-ATP and the next POM cluster is 9-12 A which is too far away for a direct involvement of ATP in their synthesis. Furthermore, the rather thick cage wall built up of polypeptide segments multiply connected with each other (Fig. 1) nearly excludes a (Fig. 6 ). 1 M molybdate only corresponds to ca. four molybdates in the cage based on a cavity volume of 7000 A 3 and an equilibrium between outside and inside. The found 50 MoO x species, detected upon incubation with 1 M molybdate, can be only explained when most molybdates are pulled out from solution by polymerization to POM clusters bound to specific pockets. In addition, 50 negatively charged monomolybdates close to each other would be energetically highly unfavorable. (d) According to basic knowledge of inorganic chemistry, transition metal oxides have the inherent properties to transiently create a huge variety of POM clusters in bulk solvent [25] which are frequently only stable at a low pH. Therefore, MoSto only promotes a spontaneous and autonomous self-organization process by acting as binding partner, template, and protector which does not necessary require ATP consumption. (e) The cage is locked in all MoSto structures independent of their state. To be loaded, molybdate has to pass a transiently formed pore or has to be pressed through the cage wall at a thin place by overcoming a molybdate gradient (Fig. 7) . This process definitely requires energy to be accomplished. As the transient pore should be small (to avoid molybdate efflux) and the found POM clusters are unstable in bulk solvent outside the cage, we assume only monomolybdates (perhaps also small Mo-O species) to be transported through the cage wall. Polymerization exclusively proceeds therein. (f) The turnover number k cat for POM cluster formation is ca. 36 ATP/s (Fig. 4C ) such that the loading process for ca. 120 molybdates should be completed in less than 10 s when one or two ATP are consumed per one molybdate stored. However, POM cluster formation requires ca. 15 min (Fig. 5A) . Based on all data, we postulate a rapid molybdate pumping driven by ATP hydrolysis and a slow ATP-independent molybdate assembly process.
An astonishing feature of the in vitro Mo storage process is the continuous hydrolysis of ATP until its complete consumption which is certainly not of physiological advantage. According to the proposed twostep scenario (Fig. 7) , molybdate is pumped into the cage and the pressure inside the cage increases. Pressure compensation occurs by POM cluster formation and the escape of H 2 O and in a later stage of molybdate out of the cage which becomes leaky at its most thin places. The energy provided by ATP hydrolysis to push molybdate into the cage is apparently higher than the interaction energy between the polypeptide segments at the weakest points of the wall which defines its leakproofness. If ATP is completely consumed and no molybdate enters the cage, molybdate still leaks the cage but with a low speed which can be followed in a long-term process over many hours (Fig. 5B) indicating that the cage wall can also be penetrated to equalize the molybdate concentration inside and outside the cage. Interestingly, the slow release of molybdate can be stopped by phosphate addition. We assume that the cell has also developed a mechanism to prevent futile molybdate release.
In summary, MoSto is a soluble ATP hydrolysisdriven molybdate pump with POM cluster forming Fig. 7 . Two-step process of the POM cluster storage. In the first step, monomolybdate molecules (green rhombs) are pumped into the cage by ATP hydrolysis and in the second step, POM clusters are formed by protein-promoted self-assembly. The ATP/ADP ratio varies during the loading process. Pumping of molybdate across the protein wall is a multistep process in itself which is not elucidated yet.
capabilities. Loading and release of molybdate and selfand protein-induced assembly and disassembly of POM clusters are in a dynamic equilibrium under in vitro conditions. The equilibrium between the monomolybdate and multinuclear Mo-O aggregates is shifted to the latter at decreasing pH values and at high molybdate concentrations available inside the cage provided by ATP hydrolysis.
Experimental procedures
Production and purification of MoSto
MoSto was initially isolated from A. vinelandii which was cultivated at 32°C and 150 rpm with a modified Burk medium containing 10 lM Na 2 MoO 4 and 2 mM ammonium acetate as described previously [38] . Harvested cells were disrupted with a French press at 7 MPa and ultracentrifuged at 4°C for 1 h with 105 000 g. Purification was done according to the published protocol [16, 21] .
The production of recombinant MoSto of A. vinelandii was described in Br€ unle et al. [39] in detail. Briefly, the genes encoding for subunits a (MOSA) and b (MOSB) were cloned into the pET21a vector. The 6x His-tag was exchanged by a strepII-tag and the construct was termed pET21a_wtmosAB_strp. For IPTG-induced protein expression, the E. coli strain BL21(DE3) CC5 (chaperone combination 5) was used [40] . MoSto was purified by using streptag affinity (Strep Trap TM HP 5mL of Healthcare, Chicago, IL, USA)-, anion exchange (POROS TM GOPURE TM HQ)-, and size-exclusion chromatography. Protein obtained in the MoSto funct state was normally stored in 50 mM MOPS/ NaOH pH 6.5 at À20°C.
Preparation of the MoSto basal and MoSto zero states
The preparation of the POM cluster-free MoSto basal state was performed using a modified previous protocol [16] . Briefly, protein of variable concentrations in the MoSto funct state (in 50 mM MOPS, pH 6.5) was slowly transferred to pH 7.6 by adding 1, 5, and 10% (v/v) NaOH. The sample was incubated for 30 min at 30°C and then centrifuged for 5 min at 16.1 9 g. The separation was performed with PD MidiTrap TM G-25 desalting columns (Sephadex G-25) using 50 mM MOPS, pH 6.5 as an elution buffer.
For the production of nucleotide-free MoSto (MoSto zero ), 250 lL of MoSto funct (5-6 mgÁmL À1 ) was incubated with 15 lL biotinylated phosphatase (~150 UÁlL
À1
, Vector Labs), 1 lL ZnCl 2 (0.1 mM), 20 lL 50 mM MgCl 2 (1 mM), and 714 lL 50 mM MOPS, pH 7.0. Afterward the pH was cautiously adjusted to 7.6 using 1, 5, and 10% NaOH, and incubated for 1.5 h at 30°C followed by 1 h at 4°C. After centrifugation at 4°C for 5 min at 16.1 x g, the supernatant was applied to a PD MidiTrap TM G-25 desalting column and eluted with 50 mM MOPS, pH 6.5. The collected protein sample was subjected to a monomeric avidin column (material: Pierce Biotechnology, Waltham, MA, USA) which only binds the biotinylated phosphatase. Elution was performed with 50 mM MOPS, pH 6.5, and 150 mM NaCl. The quality of the separation was evaluated by SDS/PAGE with silver staining and mass spectrometry.
Quantitative Mo determination
The determination of the Mo content of MoSto is based on a dithiooxamide assay [33] modified by Fenske et al. [16] . About 10-50 lL MoSto solutions in variable concentrations, 500 lL 250 mM HCl, 50 lL 10 mM dithiooxamide (in ethanol), and 650 lL H 2 O were mixed together. The reaction was started with 50 lL 50 mM H 2 O 2 and monitored at 400 nm.
ATP/ADP/AMP and adenosine determination by HPLC
MoSto samples were incubated with ATP/ADP/AMP and molybdate at 30°C for 1 h, subsequently centrifuged at 16.1 9 g for 5 min. Unbound small molecules were separated from the protein on a PD MidiTrap TM G-25 desalting column. The protein concentration was determined fivefold with the Bradford assay [41] . Finally, MoSto was denaturated at 95°C for 5 min and centrifuged for 20 min at 16.1 9 g. The supernatant was analyzed by a Shimadzu HPLC device equipped with a ProntoSIL 250-5-C18 AQPlus, 5 lM column (Bischoff Chromatography, Leonberg/Deutschland). The elution process was operated isocratically for 30 min at 30°C with a flow rate of 1 mLÁmin À1 and monitored at a wavelength of 254 nm. The buffer consisted of 100 mM KH 2 PO 4 , 10 mM TBAB (tetrabutylammoniumbromide), 7.5% acetonitrile at pH 6.5 (with 5 M K 2 HPO 4 ). A standard curve was calculated from integrated peak areas of different amounts of a mixture of ATP, ADP, AMP, and adenosine. All experiments were performed in triplicates.
Kinetic studies on MoSto
ATP hydrolysis rates were determined by using a colorimetric malachite green assay [42] , which quantitatively detects inorganic phosphate and, additionally, by a radioactive assay which measure the amount of produced ADP [43] . For phosphate determination, two protocols were used: (a) 100 mL malachite green solution was prepared by mixing 30 To take into account the background phosphate, the t0 measurement (malachite green before ATP addition) was determined in triplicate for each time-dependent dataset and the mean was subtracted from each point of the corresponding measurement.
For ADP determination, a radioactive assay was applied [43] by incubating 227 nM of purified MoSto funct with 50 nM [a- , Perkin Elmer, Waltham, MA, USA) in a reaction buffer containing 50 mM MOPS, pH 6.5, 50 mM NaCl, 10 lM ATP, and 100 lM MgCl 2 . The molybdate concentrations were varied (0-50 lM). ATP hydrolysis was performed in duplicates. The enzymatic reaction was analyzed at different time points and stopped by the addition of 0.33 M EDTA (final concentration). Nucleotides were separated on PEI-cellulose F25 thin-layer plates (Merck, Darmstadt, Germany) using a running buffer containing 0.6 M NaH 2 PO 4 -H 3 PO 4 , pH 3.4. Signals from the thin-layer plate were transferred within 1 h onto a photographic plate and visualized using phosphorimager technology (Typhoon 9400, Healthcare). Radioactive signals were quantified with IMAGE STUDIO LITE Version 4 (LI-COR Biosciences, Lincoln, NE, USA). The visualization and quantification of [a-32 P]-ATP signals was performed by diluting the reaction 100-fold with 0.5 M EDTA. ATP hydrolysis was analyzed by the MichaelisMenten equations as previously described [43] .
Crystallization and structural analysis
Crystallization was performed with the hanging-and sitting drop vapor diffusion method at 20°C. Crystallization conditions for the datasets are given in Table 1 . Data were collected at the Swiss Light Source, Switzerland and processed with XDS [44] . Phases for MoSto zero was determined by the molecular replacement method with PHASER [45] using a high resolution Mosto funct structure (pdb code: 4F6T) without ATP and POM clusters as model [20] . Refinement of the MoSto funct , MoSto basal , and MoSto zero structures were performed with PHENIX [46] and BUS-TER [47] . Model fitting and model analysis was done with COOT [48] . The quality of the coordinates was evaluated with MOLPROBITY [49] . Figure 1 was drawn with PYMOL (Schrodinger, LLC).
